Comprehensive experimental studies by magnetic, thermal and neutron measurements have clarified that Rb4Mn(MoO4)3 is a model system of a quasi-2D triangular Heisenberg antiferromagnet with an easy-axis anisotropy, exhibiting successive transitions across an intermediate collinear phase. As a rare case for geometrically frustrated magnetism, quantitative agreement between experiment and theory is found for complete, anisotropic phase diagrams as well as magnetic properties.
Geometrically frustrated magnetism has been a subject of active research in condensed matter physics. Generally in physics, quantitative comparison between experiment and theory is crucial to make a firm progress of our understanding. In the field of frustrated magnetism, however, such fortuitous cases are still scarce where full or semi quantitative agreement between experiment and theory have been found, except a few examples such as spin ice [1] and the orthogonal dimer SrCu 2 (BO 3 ) 2 [2] . Two-dimensional (2D) triangular antiferromagnets (TAFM) have been extensively studied, because of rich frustrated magnetism expected on the simple 2D Bravais lattice [3, 4, 5, 6] . Theoretically, it has gained a consensus that the ground state for the nearest-neighbor antiferromagnetic (AF) Heisenberg model has the 120
• spin order [7, 8, 9] . In this case, the concept of vector chirality, the handedness of the way the spins are rotated in a 120
• order for a given triangle, may become essential and lead to exotic phenomena such as phase transitions with a new universality class [10] and multiferroic phenomena [11] .
In fact, the vector chirality is expected to play an important role in phase transitions on a triangular lattice, e.g., for the nearest neighbor Heisenberg model:
where J > 0 and D are intralayer exchange interaction, and single-ion anisotropy, respectively. Depending on the anisotropy, namely, the sign of D, the model exhibits three types of phase transitions, featuring effects due to the vector chirality. For Heisenberg spin with D = 0, the chirality forms a point defect called Z 2 vortex, and a proposal has been made on its binding-unbinding transition at finite temperature [12] . For XY type (D < 0), a long-range order of the vector chirality without dipole magnetic order is expected at slightly higher temperature than the Kosterlitz-Thouless transition into 120
• quasi-long-range order [13] . For easy axis case (D > 0), successive transitions are expected associated with respective ordering of the longitudinal and transverse spin components [14, 15] . Namely on cooling, the system first forms a collinear intermediate phase (IMP) with the three-sublattice 'uud' structure [16] , and then transits into a 120
• spin-order phase with a uniform vector chirality. Recent theoretical study has found another phase transition in the IMP, which separates the lower T 'uud' phase and a higher T collinear phase with three different sublattice moments. However, the latter phase is only stable in the purely 2D limit, and thus with finite interlayer coupling, the 'uud' phase should become dominant throughout the collinear IMP [16] .
For this easy-axis case, unlike the Heisenberg and XY, experiments have confirmed the theoretical predictions. Namely, the successive transitions and/or 1/3 magnetization plateau have been observed for TAFMs with easyaxis anisotropy such as VCl 2 [17] , ACrO 2 (A = Li, Cu) [18, 19] , and a metallic TAFM GdPd 2 Al 3 [20] . However, neither detailed study of the phase diagram under external field nor quantitative comparison between experiment and theory has been made so far, because of a relatively large scale of J and/or lattice deformation due to magnetostriction.
Here, we report a comprehensive study on the crystal/spin structures and thermodynamic properties of the quasi-2D Heisenberg TAFM Rb 4 Mn(MoO 4 ) 3 (RMMO). This material exhibits the successive transitions and 1/3 magnetization plateau phase under field, reflecting its easy-axis anisotropy. The relatively small exchange coupling J allows us to construct complete phase diagrams for the first time under field both parallel and perpendicular to the easy axis. As a rare case in geometrically frustrated magnets, quantitative agreement between experiment and theory has been found for the phase diagrams and magnetic properties, establishing the system Single crystals were synthesized by a flux method [21] . The structure was determined by single crystal X-ray diffraction and adopts P 6 3 /mmc symmetry (R 1 = 2.88 %). Powder neutron diffraction (PND) measurements were performed on the BT1 at NIST, and confirmed that the structure is consistent with the X-ray results and stable down to 1.5 K. Thus, RMMO has the equilateral triangular lattice formed by Mn 2+ . Each Mn 2+ ion locates in a MnO 5 polyhedron and has a high spin t 2+ ion layers due to two Rb + ions and two MoO 4 tetrahedra. D.c. M was measured by a commercial SQUID magnetometer above 1.8 K, and by a Faraday method for 0.37 K < T < 2 K [22] . Specific heat C P was measured by a thermal relaxation method down to 0.4 K under fields up to 9 T. Pulsed field measurements of M were performed up to 27 T. Classical Monte Carlo simulations (MCs) were made using the standard heat-bath method.
As a guide to understand the results, we first present in Figs. 1(c) and (d) T -H phase diagrams consisting of six phases (A)-(F). Each symbol represents a transition point determined by different probes. In the following, we describe details of the experiments used to construct the phase diagrams, and compare them with theory.
We start with the specific heat measurement results. Notably, a double kink structure is found in the temperature dependence of the zero field C P (Fig. 2) . Furthermore, by applying field µ 0 H c, the two kinks become separated to form two peaks, providing clear evidence for the successive transitions. Here, we define T N1 and T N2 by the locations of the lower and higher temperature kinks or peaks, respectively. Under field µ 0 H c, the IMP in between T N1 and T N2 becomes stabilized, while under µ 0 H ab, T N1 approaches T N2 with increasing field, and finally the IMP disappears under µ 0 H > 4 T (Fig. 2(b) ). A broad tail of the peak seen at T ≥ T N2 suggests an enhanced 2D spin fluctuations.
The successive phase transitions are also observed in the susceptibility χ ≡ M/H (Fig. 3) , particularly as two peaks of the temperature dependence of dχ/dT under low fields (inset of Fig. 3(a) ). On the other hand, only a single peak is found in the high field regions of Phase (B) for µ 0 H c and (E) for µ 0 H ab. These peak temperatures are indicated by arrows in Fig. 3 and are found to overlap the phase boundary given by the specific heat anomalies, as shown in Figs. 1(c) and (d) . The temperature dependence of both χ and C P /T , and the slope of the phase boundary are found consistent with Ehrenfest's relation defined by ∆((∂M/∂T ) H /dT ) = −dT N /dH∆(C P /T ). The average Θ W ≈ −20 K corresponds to J = 1.14(5) K. The frustration parameter |Θ W |/T N2 = 7.14 is large and indicates geometrical frustration. The anisotropic ratio χ c /χ ab , which is constant and near unity at high temperatures, becomes larger than unity below ∼ 10 K, suggesting that RMMO has the easy-axis anisotropy.
Clear evidence for the easy-axis anisotropy is found in the field dependence of M . Figures 4 presents the M (H) curve measured at 1.3 K as well as the results obtained by MCs. At T < T N2 , a magnetic plateau was observed under µ 0 H c at ∼ 1/3 of the saturation moment of 5 µ B for Mn 2+ (Fig. 4(a) ). Meanwhile, for µ 0 H ab, M increases monotonically with field and fully saturates to ∼ 5µ B (Fig. 4(b) ). Quantitative agreement with the MCs results is found except a slight deviation around the plateau region for µ 0 H c. Because T ∼ J, the finite T effect broadens the anomalies at the critical fields. Therefore, by using the kink found in dM /dH, we define the lower and upper critical fields of the plateau region, µ 0 H c1 and µ 0 H c2 , and the critical field associated with the saturation of magnetic moment, µ 0 H c3 . The 1/3 plateau of the c-axis M (H) as well as its larger slope than the ab-plane M (H) clearly indicates the easy-axis anisotropy. As can be seen in the phase diagram of Fig.  1(c) , the plateau field region found by the M (H) curve becomes systematically wider with increasing temperature, and is smoothly connected with the IMP found by the temperature dependence of both C P /T and χ. This provides experimental evidence that Phase (B) has the 'uud' structure ( Fig. 1(c) ). (Figs. 1(c)  and (d) ). The agreement between experiment (symbols) and theory (broken lines) is significantly good in detail for both field directions including the magnetic plateau phase. This suggests that the spin Hamiltonian for RMMO is well captured by Eq. (1), and the possible extra terms, for example, Dzyaloshinsky-Moriya interaction, should be negligibly small in comparison with the J and D terms. Three-sublattice spin structures inferred from both experiment and theory are schematically presented by solid arrows in each region of Phases (A)-(F).
At the ground state, the theory predicts a 120
• structure with slight canting toward the c-axis due to the easyaxis anisotropy, as schematically shown in Phase (A) of Fig. 1(c) . The canting angle θ is estimated 2.7
• for H = 0 by the relation cos(π/3 − θ) = 3J/(6J − 2D) [15] . This canting causes an increase in χ(T ) below T N1 , as consistently seen in both experiment and theory (Figs. 3(a)  and 3(b) inset) . According to theory, this canted structure is stable under µ 0 H c in Phase (A). With further increasing µ 0 H c, however, the 'uud' structure with a 1/3 magnetization plateau takes over in Phase (B) as observed in experiment, and then should transit into the 'oblique' phase (C) with two parallel spins and one pointing to a different direction. Finally in Phase (D), the moments become fully polarized. Because D/J ≪ 1, the ground state canted structure at H = 0 should be nearly degenerate with a fan-shape structure having one spin in the ab-plane [15] . This fan-shape structure has a weak ferromagnetic component in the ab-plane, and can be easily stabilized under a weak in-plane field in Phase (E), inducing an enhancement of χ(T ) below T N1 . For this behavior as well, we find a quantitative agreement between experiment and theory ( Fig. 3(b) and its inset) . Notably, the fanstructure in Phase (E) a uniform vector chirality pointing to an in-plane direction perpendicular to the field. Under µ 0 H ab, the IMP(F) becomes narrower in temperature where the theory predicts that a collinear spin structure becomes inclined toward the field direction ( Fig. 1(d) ).
In order to confirm the 120
• structure under zero field, we performed the PND measurements on the BT7 at NIST. Figure 5 shows the difference between the PND spectra obtained at 1.5 K and 10 K. A magnetic peak at the wave vector ∼ (1/3, 1/3, 1) indicates the 120
• inplane spin structure as well as AF interlayer correlations. We fit the data to the analytical formula for the spherical average of magnetic scattering from a quasi-2D 120
• magnetic structure with tiny canting component corresponding to Phase (A). The out-of-plane correlations are described by Lorentzian and the in-plane correlations by Lorentzian squared [6] . Consequently, the in-plane and out-of-plane correlation lengths are estimated to be ξ ab 98(1)Å ≈ 16a and ξ c ≈ 16.3(5)Å ≈ 0.7c, respectively, indicating quasi-2D magnetism and weak interlayer correlations. While further neutron experiments using a single crystal are necessary to more precisely determine the correlation function forms and lengths, the present observation provides a basis for the comparison between experiment and theory.
Our study has established a rare case of quantitative agreement between experiment and theory for geometrically frustrated magnetism. Our material should serve as a model system to further study novel 2D frustrated magnetism, such as critical dynamics associated with vector chirality, multiferroic noncolliner magnetism, and the possible magnon decay in the dispersion spectrum [23] .
